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Summary
Background: Multiple intracellular transport pathways drive
the formation, maintenance, and function of cilia, a compart-
mentalized organelle associated with motility, chemo-/
mechano-/photosensation, and developmental signaling.
These pathways include cilium-based intraflagellar transport
(IFT) and poorly understood membrane trafficking events.
Defects in ciliary transport contribute to the etiology of human
ciliary disease such as Bardet-Biedl syndrome (BBS). In
this study, we employ the genetically tractable nematode
Caenorhabditis elegans to investigate whether endocytosis
genes function in cilium formation and/or the transport of
ciliary membrane or ciliary proteins.
Results: Here we show that localization of the clathrin light
chain, AP-2 clathrin adaptor, dynamin, and RAB-5 endocytic
proteins overlaps with a morphologically discrete periciliary
membrane compartment associated with sensory cilia. In
addition, ciliary transmembrane proteins such as G protein-
coupled receptors concentrate at periciliary membranes.
Disruption of endocytic gene function causes expansion of
ciliary and/or periciliary membranes as well as defects in the
ciliary targeting and/or transport dynamics of ciliary trans-
membrane and IFT proteins. Finally, genetic analyses reveal
that the ciliary membrane expansions in dynamin and AP-2
mutants require bbs-8 and rab-8 function and that sensory
signaling and endocytic genes may function in a common
pathway to regulate ciliary membrane volume.
Conclusions: These data implicate C. elegans endocytosis
proteins localized at the ciliary base in regulating ciliary and
periciliary membrane volume and suggest that membrane
retrieval from these compartments is counterbalanced by
BBS-8 and RAB-8-mediated membrane delivery.Introduction
Cilia extend from most eukaryotic cell surfaces and are
essential for cell and fluid motility, chemo-/mechano-/photo-
sensation and developmental signaling [1]. Malformation
or dysfunction of cilia underlies numerous diseases and4These authors contributed equally to this work
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(O.E.B.)multisymptomatic disorders such as polycystic kidney
disease, retinitis pigmentosa, and Bardet-Biedl syndrome
(BBS) [2].
Canonical cilia possess nine doublet microtubules extend-
ing from a plasma membrane-anchored basal body centriole.
Ciliary morphologies are diverse with varying branch numbers
as in mammalian olfactory cilia or an extended membrane
compartment as in the photoreceptor outer segment [3].
Ciliarymembranes house transmembrane signalingmolecules
required for sensory transduction or developmental signaling
[1]. Correct ciliary function requires localization of ciliary mole-
cules to appropriate ciliary subdomains and restricting access
of nonciliary proteins [4]. The ciliary base contains important
evolutionarily conserved features that compartmentalize the
organelle by providing structural and diffusion blocks to trans-
port [4]. These include the transitional fibers connecting the
distal end of the centriole to the plasma membrane, thus
defining the ciliary-periciliary membrane junction and restrict-
ing vesicle entry into cilia. Further blocks are provided by
the w1 mm long transition zone, immediately distal to transi-
tional fibers [5].
Because cilia lack protein synthesis, proteins must be traf-
ficked to the organelle. The best understood delivery system
is intraflagellar transport (IFT), a conserved nonvesicular, bidi-
rectional motility along ciliary axonemes essential for cilium
biogenesis and function [6]. In addition, cilium formation and
transport employs membrane trafficking machineries and
regulators including secretory and exocytic components such
as the AP-1 clathrin adaptor, Arf4, Rab8, Rabin8, and the exo-
cyst complex [7–15]. Many of these components dock at the
ciliary base proximal to the transition zone and mediate ciliary
protein transport via vesicular fusion and traffickingwithin cilia.
Although roles for exocytosis in regulating ciliary protein
transport and composition have been described, similar roles
for endocytic events at the ciliary base are not well under-
stood. Clathrin coated pits are found at ciliary and flagellar
pockets in mammalian cells and unicellular protists [16, 17];
these pits are active and dynamic, capable of mediating trans-
ferrin endocytosis [17]. Furthermore, endosome-associated
proteins STAM-1, HGRS-1, and RAB-5 localize beneath
C. elegans male sensory cilia and regulate the ciliary localiza-
tion and signaling of polycystin complexes [18]. However,
whether endocytosis plays a general and widespread role in
regulating cilia structure and function remains unclear.
Here we examine whether endocytosis-associated genes
define the nematode ciliary compartment. In C. elegans, cilia
extend from distal dendrite tips of 60 highly polarized sensory
neurons, house sensory signaling molecules, and enable
worms to sense environmental stimuli [19]. We show that
pools of endocytic proteins are found immediately proximal
to sensory cilia, overlapping with a morphologically distinct
compartment we call the periciliary membrane compartment
(PCMC). Disruption of endocytic gene function causes expan-
sions of periciliary and ciliary membranes and defects in ciliary
protein localization and transport in specific cell types.
Furthermore, ciliary membrane and PCMC expansions require
bbs-8 and rab-8 function, suggesting that maintenance of
PCMC and ciliary membranes requires regulated membrane
Figure 1. Localizations of C. elegans Endocytosis-Associated Proteins Overlap with a Distinct Compartment at the Base of Sensory Cilia
(A) Colocalization of indicated GFP-tagged endocytic proteins andmCherry-tagged CHE-13/IFT57 inmultiple amphid or phasmid cilia. DYN-1 localization is
shown in the AWBolfactory cilium. GFP-tagged fusion genes were expressed under gene promoters active in ciliated cells, namely che-12 (CLIC-1, CHE-13)
[43], arl-13 (RAB-5) [29], rab-3 (DPY-23) [23], and str-1 (DYN-1b) [27]. The str-1p::dyn-1b::gfp and rab-3p::dpy-23::gfp constructs are functional (Figures 2D
and 2E; Figure S2A; [23]); functional assessment using phenotypic rescue could not be determined for gfp::rab-5 and clic-1::gfp. Arrows indicate pools of
accumulated endocytosis-associated protein near the ciliary base. Arrowheads show pools of CHE-13::mCherry at the ciliary base. cil, cilia; den, dendrite.
Scale bars represent 2 mm.
(B) Fluorescence intensity of CHE-13::mCherry relative to CLIC-1::GFP or GFP::RAB-5 indicating endocytosis-associated protein signals (green arrows)
partly overlap with the IFT pool (red arrows). Data are shown from one experiment. White arrows indicate starting position of measurements shown below
each panel. Graphs aligned with fluorescence images. a.u., arbitrary units. Scale bars represent 2 mm.
(C) PHA/PHB neuronal cilia inWT animals expressing the transcriptional PHA/PHBmarker, srb-6p::gfp. cil, cilia; TZ, transition zone; den, dendrite. Scale bar
represents 1 mm.
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453delivery via BBS-8 and RAB-8 exocytic mechanisms counter-
balanced by membrane retrieval via endocytic proteins.
Results
Endocytic Proteins Are Enriched in a Periciliary Membrane
Compartment
To determine whether endocytic components are associated
with cilia, we examined the subcellular localization of GFP-
tagged components of the clathrin-mediated endocytosis
pathway in ciliated sensory neurons. Proteins examined
included CLIC-1 clathrin light chain, DPY-23 AP-2 adaptor m2
subunit, early endosome component RAB-5, and DYN-1 dyna-
min. Coexpression of full-length GFP-tagged endocytic
proteins with mCherry-tagged CHE-13 (IFT57) that labels all
sensory cilia in amphid (head) and phasmid (tail) sensory
organs showed punctate GFP localization in the far distal
dendrite region, immediately proximal to cilia (Figure 1A; see
also Figure S1A available online). The distal extent of these
endocytic protein pools overlapped with the CHE-13 pool at
the ciliary base (Figure 1B). These IFT pools correspond to
the transitional fiber region below ciliary transition zones and
thus precisely mark the junction between dendritic and ciliary
compartments [5]. In agreement with endocytic proteins
participating in dynamic transport functions at the ciliary
base, GFP::RAB-5 fusion protein molecules, presumably
associated with vesicles, frequently emerge from the far distal
dendrite pools and translocate along dendrites toward the
soma (Figure S1B; Movie S1). Such motility was not observed
for CLIC-1 or DPY-23. Although enrichment of endocytic
proteins at the base of cilia was consistently observed, we
also found signals in other parts of the cell including at presyn-
aptic zones (Figure S1A).
The far distal dendrite region enriched for tagged endocytic
proteins appeared as anw0.5 mm2bulge (Figures 1A–1C), sug-
gesting that this dendritic regionmay define amorphologically
distinct compartment. Using transmission electron micros-
copy (TEM) on longitudinal sections from wild-type (WT) cilia,
we found that the dendrite region immediately proximal to
transition zones (TZ) was indeed bulge-like and demarcated
at its proximal side by electron dense belt-shaped junctions
between the ciliated cell and the surrounding glial support
cell (Figures 1D and 1E; Figure S1C). These compartments
frequently contained vesicles, typically 30–120 nm diameter
(Figure 1E; Figure S1C) some of which appeared to be coated
(arrow in Figure 1E; Figure S1C). Together, these data indicate
that a pool of endocytosis-associated components exists at
the ciliary base of nematodes, overlapping with a morphologi-
cally distinct, vesicle-containing compartment that we here-
after call the C. elegans PCMC (Figure 1F). These conclusions
are consistent with endosomal RAB-5, STAM-1, and HGRS-1
localizing at the base of male sensory cilia and with observa-
tions showing vesicles beneath the ciliary TZs of C. elegans
sensory neurons [9, 18].
We also found a highly enriched pool of clathrin at the base
of flagella in Chlamydomonas green algae and in mouse
sperm cells (Figure 1G; Figures S1D and S1E). Thus, together(D and E) Low magnification (D; scale bar represents 500 nm) and high magnifi
through ciliated amphid channel neurons. In (D), cilia are outlined in blue, TZ
Belt junctions are indicated in (D). Black arrow in (E) denotes possible coated
(F) Schematic showing relative localization of IFT and endocytic proteins with
transition zone.
(G) Chlamydomonas clathrin heavy chain colocalizes with the centriolar basalwith previous reports of clathrin localization beneath cilia and
flagella in unicellular Trypanosoma and Tetrahymena [17, 20–
22], it appears that ciliary base enrichment of endocytic
components is a conserved feature in multiple species.
Endocytic Genes Regulate Ciliary and PCMC Morphology
in Different Cilia Types
We next investigated the roles of endocytic genes dpy-23,
dyn-1, and rab-5 in defining the nematode cilium and/or the
PCMC. Two alleles of dpy-23 were used, e840 (large deletion
and, hence, likely a null mutation) and gm17 (splice site muta-
tion), both ofwhich reduce, but do not abrogate, AP-2 complex
formation [23]. Because null mutations in dyn-1 and rab-5
result in embryonic or early larval lethality, we used the
dyn-1(ky51) temperature-sensitive allele, or knocked down
rab-5 and dyn-1 function using cell-specific RNA interference
(RNAi) [24]. We also investigated the ciliary phenotypes of
animals overexpressing rab-5(Q78L) and rab-5(S33N) trans-
genes, predicted to encode dominant active (GTP-locked)
and inactive (GDP-locked) RAB-5, respectively [25].
Examination of cilium integrity in six pairs of amphid neurons
and the PHA/PHB phasmid neurons by a lipophilic dye uptake
assay [26] revealed normal dye-filling responses in dyn-1
and rab-5-disrupted worms (Figure S2A). However, in
dpy-23(e840) mutants, 40% of PHA/PHB neurons failed to
incorporate DiI (Figure S2A). This phenotype was rescued by
transgenic expression of gfp-tagged dpy-23(+) (Figure S2A).
Next, we directly visualized cilia using gfpmarkers expressed
in ciliated cells that illuminate all sensory neuron structures.
We found that dpy-23(e840) worms exhibited truncated
PHA/PHB cilia; however, amphid AWB olfactory and ASER
channel cilia were unaffected (Figure 2A). PHA/PHB and
AWB cilia lengths were unaltered inWTworms overexpressing
rab-5(S33N) and rab-5(Q78L) (Figure 2A). Similarly, AWB cilia
lengths were normal in dyn-1(ky51) mutants and rab-5 RNAi
knockdown animals (Figure 2B).
Although cilia lengths were generally unaffected, the overall
morphology of AWB olfactory cilia was markedly altered in all
examined gene-disrupted mutants. Compared to the simple
rod-like structure of ASER and PHA/PHB channel cilia, AWB
cilia possess two branches, frequently terminating in small
membranous expansions (fans) (Figure 2C; bracket). In endo-
cytic gene mutants, a range of different AWB cilium morphol-
ogies were observed, grouped into three distinct categories.
Category 1 includes cilia resembling those in WT animals
with small fans (Figure 2C) [27]. Category 2 includes cilia with
abnormally large membrane expansions (either the fans or
membrane inmore proximal regions of the axoneme) and cate-
gory 3 cilia lack one or both branches, or exhibit additional
secondary branches (Figure 2C). Mutations in endocytic
genes resulted in a marked increase in category 2 cilia, with
smaller changes in the number of category 3 cilia (Figure 2D).
Quantitative measurements of category 2 cilia revealed only
22% of WT worms with fans >1 mm2, whereas fans with larger
overall area were observed in 30%–80% of most endocytic
gene-disrupted worms (Figure 2E). Transgenic expression of
dyn-1(+) rescued both the increased number of AWB ciliacation (E; scale bar represents 200 nm) TEM images of longitudinal sections
in green, far distal dendrite in red, and more proximal dendrite in yellow.
vesicle; other vesicles are unlabelled.
in cilia and in the far distal dendrite pocket, which we call the PCMC. TZ,
body marker ε-tubulin [44] at the flagellar base. Scale bar represents 5 mm.
Figure 2. Disrupting Endocytic Gene Function Expands Ciliary and PCMC Membranes
(A and B) Quantification of cilium lengths in indicated genetic backgrounds. Cilia visualized using osm-6/IFT52::gfp (PHA/PHB cilia), che-13/IFT57::mCherry
(PHA/PHB cilia; used in animals overexpressing N-terminal gfp-tagged rab-5 variants), str-1p::gfp (AWB cilia), and gcy-5p::gfp (ASER cilia) reporters. More
than 20 cilia were analyzed in (B). Error bars represent SEM. *p < 0.001 comparedwithWT (one-way analysis of variance followed byDunnett’s post hoc test).
(C) Representative images of AWB cilium morphology categories. Asterisks denote base of cilia. Arrows denote expanded membrane or ectopic ciliary
branches. Brackets indicate fans in WT cilia. Scale bars represent 3 mm.
(D) AWB cilia morphology phenotypes by category in the indicated genetic backgrounds. p < 0.001 [cross-tabs and chi-square test; compared with *WT or
#dyn-1(ky51)].
(E) Box and whisker distribution plots of AWB ciliary fan area measurements. Boxes indicate quartiles. Whiskers indicate 5th and 95th percentiles. *p < 0.001
(nonparametric Mann-Whitney U test; comparison with WT values). #p < 0.001 [nonparametric Mann-Whitney U test; comparison with dyn-1(ky51) values).
(F–I) PCMC is enlarged in AP-2-disrupted worms. Shown in (F) are fluorescence images (scale bars represent 3 mm) from WT and dpy-23(e840) worms
expressing srb-6p::gfp (PHA/PHB) or gcy-5p::gfp (ASER) markers. Distribution of PCMC areas are shown as box and whisker plots in (G). Shown in (I)
are TEM images (scale bars represent 300 nm) of longitudinal sections of amphid channel cilia from the indicated strains. Corresponding box and whisker
plot distributions of PCMC areas from electronmicrographs are shown in (H). *p < 0.001 (nonparametricMannWhitney U test; compared withWT). Arrows in
(F) denote PCMC, showing enlargement in dpy-23 mutants. cil, cilium; TZ, transition zone; den, dendrite; n, number of cilia/PCMCs analyzed.
Current Biology Vol 22 No 6
454with fans and the increased fan area phenotype of dyn-1
mutants (Figures 2D and 2E).
Because the localization of endocytic genes overlaps with
the PCMC, we investigated whether PCMC morphologieswere altered upon disruption of these genes. Using the ASER
and PHA/PHB GFP markers described above, and an OSM-6
(IFT52) GFP marker [28], PCMC areas were found to be
significantly enlarged in dpy-23 mutants (Figures 2F and 2G;
Figure 3. Genetic Relationship between Sensory Signaling, rab-8, bbs-8, and Endocytic Genes in Regulating Ciliary and PCMCMembrane Volume in AWB
Neurons
Representative images and box and whisker plot distribution of AWB cilium fan areas (A) and PCMC areas in PHA/PHB (B) in the indicated genotypes ex-
pressing str-1p::gfp or srb-6p::gfp transgenes, respectively. For (A), p < 0.005 [Mann-Whitney U test; comparedwith *WT, # dpy-23(e840), or%dyn-1(ky51)].
Data for dpy-23(gm17) is from Figure 2E. For (B), p < 0.005 compared between indicated (*) genotypes (Mann-Whitney U test). Arrowheads in (A) indicate
ciliary fans. Arrowheads in (B) indicate PCMC. Scale bars represent 3 mm. cil, cilium; den, dendrite; n, number of cilia analyzed.
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455Figure S2B). The expanded far distal dendrite region corre-
sponds to the PCMC because it lies immediately proximal to
the thin rod-shaped cilia that are clearly evident with these
markers. Similar PCMC enlargements were also observed
using ASK and OLQ ciliary protein markers (see Figure 4).
Expanded areas were also observed in other regions of
dpy-23 mutant ciliated cells (Figure S2C; arrowheads). TEM
analyses of longitudinal sections from dpy-23 mutant amphid
channel cilia confirmed the fluorescence data by showing
that the ciliary TZ and belt junction-defined PCMCs were
indeed enlarged, containing more periciliary membrane than
WT controls (Figures 2H and 2I; Figures S2D and S2E). We
also found evidence of reduced vesicle number in the dpy-23
mutant PCMCs (Figure S2E), consistent with reported reduced
vesicle number at the neuromuscular synapses of these
worms [23]. In contrast, ciliary axonemes were grossly normal
with respect to length, morphology, and microtubule integrity
(data not shown). Together, these findings indicate that
although C. elegans endocytic genes are not generally
required for ciliogenesis, they modulate membrane volume
both within AWB cilia and at the PCMC regions of amphid
and phasmid channel neurons.
Mutations in bbs-8 and rab-8 Genes Suppress the
Expanded Ciliary and Periciliary Membrane Phenotypes
of Endocytic Gene Mutants
One interpretation of the ciliary membrane phenotypes in en-
docytic mutants is that membrane components accumulatein cilia or at the PCMC due to defects in endocytic recycling.
This hypothesis predicts that disruption of membrane traf-
ficking to cilia would suppress endocytic mutant phenotypes.
We found that enlarged AWB cilium fan phenotypes of
dyn-1(ky51) and dpy-23(gm17) mutants were significantly
suppressed by bbs-8(nx77) loss-of-function mutations, with
fans reduced in size and frequency in dyn-1;bbs-8 and dpy-
23;bbs-8 double mutants, compared with dyn-1 and dpy-23
single mutants (Figure 3A). Likewise, rab-8 mutations also
partially suppressed the AWB fan phenotypes of dyn-1
mutants (Figure 3A). We also assessed if bbs-8(nx77) was
required for the enlarged PCMC membrane in dpy-23(e840)
phasmid neurons and found this phenotype partially sup-
pressed in dpy-23;bbs-8 double mutants (Figure 3B). Thus,
a balance of exocytosis and endocytosis likely regulates ciliary
and PCMC membrane volume in individual neurons.
Ciliary Proteins Are Partially Mislocalized to Different
Extents in Specific Cilia Types in Endocytic Gene Mutants
Next we asked whether endocytic genes facilitate sorting or
transport of ciliary membrane or IFT proteins by examining
their subcellular localization in specific sensory neuronal
subtypes. Proteins examined were the OSM-9 TRPV channel
in OLQ cells, the ODR-10 odorant receptor in AWB cells, the
SRBC-66 G protein-coupled receptor (GPCR) in ASK cells,
and IFT proteins in multiple cilia types, namely OSM-3 (KIF17
kinesin homolog), KAP-1 (kinesin-II subunit), OSM-6 (IFT52;
IFT-B protein), and the IFT regulator, BBS-7 (BBSome protein).
Figure 4. Differential Requirements for AP-2 Complexes in Targeting Transmembrane and IFT Proteins to Cilia
(A and B) Representative fluorescence images of cilia from animals expressing GFP-tagged proteins in the indicated neurons. c, ciliary axoneme; d,
dendrite; arrowhead, periciliary membrane; arrows, punctate accumulations. Scale bars represent 2 mm.
(C) Quantification of localization phenotypes. *p < 0.001 (cross-tabs and chi-square test; compared with WT). #p < 0.001 [cross-tabs and chi-square test;
compared with dpy-23(e840)].
(D and E) Quantification of SRBC-66::GFP signal intensities in the PCMC and cilium of ASK neurons. Data acquired from images taken at identical exposure
settings. All data are normalized against WT values and data in (E) also adjusted for area. Each data set comprises 39 measurements. a.u., arbitrary units.
Error bars are SEM. *p < 0.001 (t test; two-tailed).
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456In WT OLQ cells, OSM-9::GFP is restricted to the ciliary
membrane; however, in dpy-23(gm17) mutants, OSM-9 also
associated with an expanded far distal dendrite membrane
and frequently formed punctate accumulations within this
region (Figures 4A and 4C; Figure S3A). This expansion corre-
sponds to the PCMC because it exists immediately proximal
to the clearly definable and slender OSM-9-markedOLQ cilium
structure. The punctate OSM-9 accumulations at the ciliary
base of dpy-23 mutants is frequently similar to that found in
bbs-8(nx77) and arl-13(tm2322) mutants [29, 30], although
an expanded PCMC was not observed in these animals
(Figure S3B). Ciliary axonemal staining appeared grosslysimilar in both WT and dpy-23(gm17) mutants (Figure 4A;
Figures S3A and S3B). Introduction of a transgene containing
WT dpy-23 rescued the OSM-9 mislocalization defects (Fig-
ure 4C). In contrast to OSM-9, strong periciliary membrane
localization was also observed for GFP-tagged ODR-10 and
SRBC-66 in WT cells, and this localization was expanded
in dpy-23(e840) mutants (Figure 4A; arrowheads; Figure S3C).
Quantification of SRBC-66 signals revealed that the
PCMC::cilium ratio was indeed increased in dpy-23 mutants
(Figure 4D; profiles in Figure S3D). This increase is not solely
due to larger PCMC surface areas because signal intensities
per unit area of periciliary membrane were also elevated in
Table 1. Anterograde Velocities of IFT Proteins along Middle and Distal Segments of Amphid and Phasmid Channel Cilia
IFT Protein Strain
Middle Segment Distal Segment
NoAverage n/N t test Average n/N t test
KAP-1::GFP WT 0.69/0.11 119/12 none none 3
dpy-23 0.67/0.16 160/15 0.05 none none 5
OSM-3::GFP WT 0.71/0.14 428/25 1.17/0.21 103/8 3
dpy-23 0.84/0.23 607/29 <0.001 1.12/0.21 143/15 6
klp-11 1.2* NA 1.2* NA NA
klp-11;dpy-23 1.19/0.20 158/9 1.38/0.14 30/2 6
BBS-7::GFP WT 0.70* NA 1.11* NA NA
dpy-23 0.70/0.08 425/32 0.23 1.19/0.23 116/12 6
OSM-6::GFP WT 0.73/0.12 283/14 1.15/0.21 58/4 3
dpy-23 0.65/0.16 322/20 p < 0.001 0.96/0.29 145/14 <0.001 3
dpy-23;osm-3 0.54/0.11 197/7 2
osm-3 ND
Shown are average velocity measurements (mm.s21/SD) of WT, dpy-23(e840), klp-11(tm324), klp-11(tm324);dpy-23(e840), dpy-23(e840);osm-3(p802),
and osm-3(p802) worms. t test via pairwise comparison with WT controls. n, number of particles; N, measured number of amphids and phasmids; ND,
not determined; asterisk, from [29]; No, number of independent analyses; NA, not applicable.
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457dpy-23 worms, suggesting that SRBC-66 periciliary recycling
is disrupted in these worms (Figure 4E; profiles in Figure S3E).
Although a concomitant trend toward weaker SRBC-66 inten-
sities per unit area of ciliary membrane was also observed in
dpy-23(e840) worms (Figure 4E; Figures S3C and S3F), this
phenotype did not present with strong statistical significance
(p = 0.04 in Figure 4E).
These data show that a number of ciliary transmembrane
proteins are targeted to, and enriched at, the periciliary
membraneofWTcells.Ourfindingsalsodemonstratea require-
ment for AP-2 in properly localizing OSM-9 and SRBC-66
between the ciliary and periciliary membrane compartments.
We also observed distinct and cell-type-specific localization
defects of IFT proteins in dpy-23 mutants. In WT amphid and
phasmid channel cilia, IFT proteins localize along ciliary
axonemes and form a small pool beneath the TZ at the distal-
most end of the PCMC (Figures 4B and 4C; Figure S3G) [5].
However, in dpy-23(e840)mutants, OSM-6::GFP (IFT52) accu-
mulated in the far distal dendrite region of phasmid neurons
(Figures 4B and 4C; Figure S3G). This area of accumulation is
consistent with the PCMC, as time-lapse imaging shows
OSM-6-marked IFT particle activity immediately distal to this
region (data not shown). Similarly, albeit to a lesser extent,
OSM-3::GFP (KIF17) accumulated at the base of 13% of am-
phid cilia in dpy-23 mutants, although in phasmid cilia, accu-
mulation at the ciliary tips was observed (Figures 4B and 4C;
Figure S3G). In contrast, PCMC accumulations were not typi-
cally observed for KAP-1 or BBS-7 (Figures 4B and 4C). Con-
trasting IFT protein localization defects may reflect defects in
turnaround phases of IFT, whereby in AP-2-disrupted worms,
OSM-3 accumulates at the ciliary tips and OSM-6 at the ciliary
base in phasmid neurons. A global defect in IFT turnaround is
unlikely, because ciliary localizations of other IFT proteins,
including XBX-1 (dynein light intermediate chain), were not
affected (data not shown). Together, these results indicate
that disruption of endocytic gene function affects the localiza-
tion of some but not all membrane and IFT proteins, and that
differences are observed between different cilia subtypes.
Transport Dynamics of Ciliary Proteins Are Affected
in AP-2-Disrupted Worms
We next determined whether IFT was disrupted in endocytosis
mutants. Most measurements were from amphid channel cilia,with a small minority (<10%) from phasmid cilia. Like previous
observations [29], IFT proteins translocated anterogradely
along middle segments of WT cilia at w0.70 mm.s21 whereas
OSM-3/KIF17 (but not KAP-1/kinesin-II) moved along WT
distal segments at w1.1–1.2 mm.s21 (Table 1; Figure S4A).
However, in dpy-23(e840) middle segments, a subtle antero-
grade IFT rate defect was observed for OSM-3 (but not
KAP-1, BBS-7, or OSM-6/IFT52), where this motor moved at
w0.84 mm.s21 (Table 1; Figure S4A). This was not caused by
changes in OSM-3’s intrinsic processivity, because in distal
segments of dpy-23 worms and middle segments of dpy-
23;klp-11 mutants (lacking kinesin-II motor activity), OSM-3
moved at its expected intrinsic speed of 1.2-1.3 mm.s21 (Table
1; Figure S4A). When rate distribution profiles were analyzed,
w20% of OSM-3 particles moved in dpy-23 middle segments
at speeds >1.1 mm.s21, whereas such fast-moving particles
were not observed in WT cilia (Figure S4A). OSM-3 retrograde
rates appeared normal in dpy-23 worms (1.13 6 0.35 mm.s21;
29 particles/4 worms), compared with published observations
(Table 1) [31, 32]. Together, these data suggest that in dpy-23
mutant amphid channel middle segments, some fast-moving
(w1.1 mm.s21) OSM-3 motors are disengaged from slower
moving (w0.7 mm.s21) OSM-3/kinesin-II/IFT assemblies,
thereby raising average middle segment velocities for OSM-
3. Accordingly, AP-2 may partially regulate docking of OSM-
3 to middle segment anterograde IFT assemblies.
Because dpy-23 worms possess short phasmid cilia (Fig-
ure 2A; Figure S2A), additional IFT assays were performed
solely on these cilia. In contrast to the mostly amphid rates
above, OSM-3 speeds were retarded in dpy-23(e840) phasmid
middle segments (0.53 6 0.16 mm.s21; 66 particles/9 worms;
p < 0.001), compared to WT (0.74 6 0.14 mm.s21; 33 parti-
cles/4 worms). This could mean that in phasmid cilia, OSM-3
has reduced intrinsic velocity or is cargo for slowmoving kine-
sin-II. Thus, OSM-3 is differentially regulated in amphid and
phasmid channel cilia, demonstrating enhanced speeds in am-
phid cilia and reduced speeds in phasmid cilia.
Using fluorescence recovery after photobleaching (FRAP),
we also assessed whether endocytic genes regulate ODR-10
mobility within the AWB ciliary membrane. After photobleach-
ing the distal portion of the ciliary signal, WT and dpy-23
animals were found to possess similar signal recovery profiles
and mobile fractions (Figure S4B). A normal ODR-10 recovery
Figure 5. Sensory Signaling May Act in the Same
Pathway as Endocytic Genes to Modulate Cilia
Membrane Volume
(A) Analysis of AWB cilium fan areas in the indi-
cated genotype expressing str-1p::gfp. All p
values < 0.005 (Mann-Whitney U test) [compared
with * WT, # dpy-23(e840), $ str-1p::rab-5(wt) or
% str-1p::rab-5(S33N)]. Boxes span lower and
upper quartiles. Whiskers denote 5th and 95th
percentiles. Data for WT and dyn-1(ky51) are
from Figure 3A.
(B) Model of C. elegans ciliary and PCMC
membrane homeostasis. In WT worms, RAB-8
and BBS-8 facilitate addition of membrane to
PCMC and ciliary regions, whereas endocytic
AP-2, DYN-1, and RAB-5 facilitate retrieval of
membrane, resulting in steady-state membrane
volume at the PCMC and/or within the cilium.
Membrane retrieval and addition is proposed to
occur at the PCMC membrane. In endocytosis
gene-disrupted worms, membrane retrieval is
reduced relative to membrane delivery, thus
membrane accumulates within cilia and the
PCMC. This membrane accumulation and
retrieval defect can be reversed by simulta-
neously disrupting membrane delivery via rab-8
and bbs-8 directed processes. Sensory signaling
may act either upstream or downstream of endo-
cytic genes.
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ODR-10 ciliary localization (Figure 4A). Finally, we investigated
whether endocytic components regulate the dendritic trans-
port of ODR-10 and RAB-8-associated vesicles, which move
bidirectionally along AWB dendrites to and from cilia [9, 10].
We observed significant but small increases in anterograde
and retrograde dendritic velocities (Figure S4C).
Together, these data demonstratemodest and cell-subtype-
specific requirements for AP-2 complexes in regulating
speeds of anterograde IFT and dendritic vesicle trafficking.
Sensory Signaling and Endocytosis May Act in the Same
Pathway to Regulate AWB Cilium Membrane Area
The AWB ciliary membrane expansions of dyn-1, rab-5,
and AP-2-disrupted worms are similar to those previously
described in mutants of signaling genes (odr-1 receptor gua-
nylyl cyclase, tax-4 cyclic nucleotide-gated channel, grk-2
GPCR kinase) required for AWB sensory signal transduction
[27]. Moreover, the expanded AWB ciliary membrane pheno-
types in signaling mutants are suppressed by mutations in
bbs-8 and rab-8 [27]. We asked whether sensory signaling
defects underlie the endocytic gene-associated phenotype,
or whether these two groups of genes operate in distinctpathways, by analyzing ciliary pheno-
types of double mutants and comparing
trafficking dynamics. We found that
consistent with our previous report [27]
nearly 100% of AWB cilia in tax-4, grk-
2, and odr-1 single mutants exhibited
increased membrane area; the pene-
trance of the phenotype was not altered
in double mutant combinations with
endocytic genes (Figures S5A and
S5B). Similarly, the areas of AWB ciliary
membrane expansion observed in
sensory signaling mutants were notaffected upon loss of endocytic gene function (Figure 5A).
These data suggest that endocytosis and sensory signaling
function in a common pathway, although we cannot rule out
possible ceiling effects in the AWB ciliary membrane expan-
sion phenotype.
To assess whether these genetic relationships extend to
cilia-related transport pathways, we determined whether
transport dynamics of ciliary proteins were similarly affected
in endocytosis and signaling mutants. Using the FRAP assay
described above for ODR-10::GFP ciliary mobility, we found
that odr-1 mutants possessed modest increases in ODR-10
recovery compared to WT and dpy-23 mutant worms (Fig-
ure S4B), suggesting that sensory signaling genes may
partially regulate membrane protein dynamics within cilia.
We also analyzed dendritic trafficking of GFP::RAB-8 and
ODR-10::GFP associated vesicles in AWB neurons and found
that RAB-8 anterograde and retrograde velocities were some-
what reduced in odr-1 mutants, whereas trafficking was
unchanged for ODR-10::GFP (Figure S4C). This is in contrast
to dendritic trafficking in dpy-23 described above, where small
increases in rates were found (Figure S4C). Thus, sensory
signaling and endocytosis may differentially regulate traf-
ficking of various proteins within AWB dendrites and cilia.
Endocytosis Facilitates Ciliary Membrane Transport
459Alternatively, the differing phenotypes could be indirect
consequences of perturbing endocytic and sensory signaling
gene functions.
In summary, endocytic and sensory signaling mutants have
similar membranous AWB phenotypes, thus supporting
a model that the corresponding genes function in the same
pathway to modulate ciliary membrane volume.
Discussion
Our results demonstrate a morphologically distinct PCMC
at the base of nematode sensory cilia containing pools of
endocytosis-associated proteins. We also observed clathrin
at the base of mouse and Chlamydomonas flagella. These
data expand previous findings of early endosomal proteins
(RAB-5, STAM-1, HGRS-1) at the base of C. elegans male
sensory cilia [18], clathrin coated pits, and AP-2 complexes
at the flagellar pocket of Trypanosoma and mammalian cells
[17, 33–36], and clathrin, AP-2 m2, and dynamin-related protein
(DRP1) at Tetrahymena basal bodies [22]. Our observations
also show functional requirements for endocytic genes in
regulating metazoan periciliary and cilium morphologies.
Indeed, in protists, the flagellar pocket is the major site of
endocytosis and exocytosis [37].
Ciliary and periciliary membrane domains likely share
common targeting properties for ciliary proteins because
transmembrane SRBC-66 and ODR-10 localize to both
membranes. These observations support the common view
that at least some ciliary proteins (e.g., rhodopsin) are
trafficked to cilia via vesicle fusion events at periciliary
membranes [4, 38], thus providing pools of readily available
proteins for cilia targeting.
Importantly, we show that endocytic genes regulate meta-
zoan PCMC and ciliary membrane volume via a mechanism
requiring bbs-8 and rab-8 gene function and within a pathway
that may include sensory signaling genes [27]. Indeed, a role
for AP-2-directed endocytosis in regulating periciliary
membrane homeostasis correlates well with previous findings
for clathrin-mediated regulation of membrane volume at the
flagellar pocket of Trypanosoma [39]. From our findings, we
propose that ciliary membrane volume is maintained via tight
regulation of membrane delivery via BBSome and RAB-8
proteins and membrane retrieval via AP-2-directed endocy-
tosis (Figure 5B). This model is supported by known roles
for mammalian Rab8 in ciliary membrane extension and by
biochemical associations of the BBSome with Rabin8, a
guanosyl exchange factor for Rab8 [13]. Similar roles for endo-
cytosis and exocytosis in regulating membrane homeostasis
are described at the flagellar pocket of Trypanosoma and at
the mammalian immune synapse [39, 40], suggesting that
this represents an efficient and conserved mechanism for
regulating polarized membrane structure and dynamics.
Consistent with ciliary membrane abnormalities, ciliary
protein localization and transport were disrupted to varying
degrees in endocytic gene-disrupted worms, suggesting that
endocytic events facilitate trafficking and recycling of some
ciliary protein cargoes. Indeed, proteins frequently accumu-
lated beneath AP-2-disrupted cilia implying that recycling
events occur within the PCMC, which is consistent with the
PCMC localization of endocytic proteins. Indeed, our findings
also correlate well with data showing C. elegans polycystins
(PKD-2, LOV-1) accumulating at the ciliary base of stam-1
mutants [18]. Although we were unable to directly visualize
endocytosis in the PCMC, the clearly observable movementof RAB-5-associated particles within this compartment (Movie
S1) likely reflects dynamic endomembrane transport.
Of note, PCMC and ciliary membrane expansions, as well as
ciliary protein mislocalization, were not observed in all ciliated
cells following disruption of AP-2 complexes. For example,
OSM-3/KIF17 accumulates at the PCMC and displays
increased middle segment IFT velocities in amphid cells,
whereas in phasmid cells, this motor accumulates at ciliary
tips and undergoes reduced middle segment motility. A
possible explanation is that different cell and cilia subtypes
employ distinct mechanisms (e.g., clathrin-dependent versus
-independent versions of endocytosis) to regulate ciliary
membrane and protein transport, thus explaining why defects
in cilia or the ciliary pocket were not observed in AP-2-
depleted mammalian cells [17]. Indeed, for OSM-3 in phasmid
cells, ciliary tip accumulation and reduced IFT were also found
in C. elegans dyf-5 mitogen-activated protein (MAP) kinase
mutants [41]. It would therefore be interesting to investigate
whether phasmid-specific effects on OSM-3 localization and
motility in AP-2 mutants occur via a dyf-5 pathway.
In conclusion, our findings uncover a role for C. elegans
endocytic proteins at the ciliary base in regulating ciliary and
periciliary membrane homeostasis, as well as efficient target-
ing of proteins to cilia. Correct regulation of these processes
is likely critical for cilia and cell function, and may provide
targets for developmental or activity-dependent pathways
that sculpt cilia structures.Experimental Procedures
Worms were cultured, maintained, and crossed via standard procedures.
Fluorescent protein-tagged transgenes were generated using fusion PCR
or via standard or Gateway cloning [42]. TEM was performed as described
[29]. Compound and spinning disk confocal microscopy, equipped with
electron multiplying charge coupled device cameras, were employed to
analyze cilium morphologies, IFT rates, and dendritic transport. Time-lapse
movies, still images, and kymographswere generated using Andor iQ, Slide-
Book, and ImageJ software. Additional experimental details are provided in
the Supplemental Information.Supplemental Information
Supplemental Information includes five figures, Supplemental Experimental
Procedures, and one movie and can be found with this article online at
doi:10.1016/j.cub.2012.01.060.
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